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ABSTRACT OF THESIS 
 
 
 
EVALUATING REFORESTATION OPTIONS FOR SURFACE MINES IN APPALACHIA  
 
 
During the last century coal extraction has degraded ecosystems in Appalachia, converting 
forested land into other cover types that have a diminished capacity to naturally progress to later 
stages of succession.  This projects objective was to examine two options for land-use that can 
assist in returning the reclaimed surface mines to forested cover types, with increased ecosystem 
services, and a potential for economic gain.   
This project examined a biomass plantation and an American chestnut trial.  In the biomass 
trial, greatest heights for American sycamore (12.3 m) and black locust (8.0 m) were found in the 
fertilizer plots.  Mean individual tree biomass for American sycamore and black locust was 6.4 Kg 
and 5.3 Kg, respectively; no significant differences were found among treatments. In the American 
chestnut trial, experimental wide survival was 47.2% in 2009, dropping to 24.74% in 2017.  No 
significant differences were found by genotype, stock type, or the interaction in 2017.  Use of mined 
land for woody biomass plantations and locales for chestnut restoration shows potential if proper 
management techniques are followed.  Given the vast amounts of land disrupted by mining 
activities in Appalachia, approaches such as these deserve further attention and additional research. 
 
 
KEYWORDS: Mine Reforestation, Woody Biomass, Chestnut Restoration, Land Use, Landscape 
restoration 
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Chapter One: Introduction 
The biologically diverse forested landscape of Appalachia has undergone increasing human 
disturbance for hundreds of years, starting with logging activities and climaxing with mountain 
top removal operations to extract coal resources (Abrams and Nowacki 2008, Buckley 1998).  
The disturbance caused by mining operations particularly mountain top removal degraded the 
ecosystems in and around Appalachian mine sites (Miller and Zeigre 2014).  This disturbance is 
responsible for contaminated streams from erosion and massive landslides, reduced biodiversity, 
and land productivity (Brown et al. 2001, Wood et al. 2013).  Government policy and regulation 
worked toward addressing these problems, with the implementation of the Surface Mine Control 
and Reclamation Act (SMCRA) in 1977.  Post SMCRA mined lands were compacted and 
commonly seeded with aggressive ground covers that hindered natural succession.  Through 
ARRI, GFW, industry, and other stakeholders research has created a set of guidelines (FRA) to 
alleviate complications from the implementation of SMCRA, that promote establishment, growth, 
and natural succession of forests on mined land in Appalachia.   
 
Reforestation of mined land in Appalachia can contribute to environmental stability, human 
health, and the welfare of future generations.  Researchers have examined numerous aspects of 
growth and survival of tree species planted on mined land in Appalachia, and their research 
encompasses a range of topics from edaphic features to silvicultural treatments.  This project adds 
to this important body of research and examines two potential approaches for reforestation of 
mined lands in Appalachia.  The first evaluates reclaimed surface mines as a locale for woody 
biomass plantations.  The second utilizes these sites for restoration of American chestnut 
(Castanea dentata).  Overarching goals for these studies are to consider multiple land use 
approaches for reforesting mined lands in Appalachia, while advancing the information base to 
increase the proficiency of reforestation efforts and mitigating the regions deficient 
environmental conditions, that include altered hydrologic processes pertaining to water chemistry 
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and biology (Miller and Zeigre 2014),and reductions in soil carbon storage due to litterfall, ﬁne 
root biomass, microbial biomass C and N,CO2 efﬂux, dehydrogenase activity, and litter decay 
(Littlefield et al. 2013).  
  
The objectives of this project address the feasibility of multiple land use management strategies 
for reforesting mined land in Appalachia by showing the value of two potential reforestation 
pathways.  The biomass plantation study and the American chestnut study are linked together for 
several reasons including, returning the land to its historical cover types (forested), by providing 
information on the reestablishment of forests on landscapes highly disturbed from mining 
operations, mitigating environmental effects from mining operations, creating an ability to foster 
economic security through a renewable resource.  Increasing the scientific knowledge base for 
restoring environmental function, utilization of resources with sustainable management regimes, 
and increased effectiveness of silvicultural techniques.  While coal remains a main source of 
energy production additional land area with commercially valuable coal seams will need to be 
reclaimed in a manner that is scientifically sound and economically feasible for industry and other 
stakeholders.   
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Chapter Two: Literature Review 
Introduction 
The forests of eastern North America and specifically in the Appalachian-Cumberland highlands 
are among the most biologically diverse landscapes in temperate ecoregions of the world (Wear 
2016).  Due to this diversity and climate habitability, human populations have increased in and 
around these regions.  Changes to the landscape from climate and natural events due to extreme 
weather and migration of megafauna were the primary influence driving the distribution and 
range of vegetation types into the Holocene period, that began over 11,000 years ago (Abrams 
and Nowacki 2008).  During the Holocene period and into the early 1600’s Native Americans 
profoundly impacted the distribution and importance of mast and fruit trees and tallgrass prairie 
as a primary food source through both active and passive means, and that they ubiquitously 
impacted these vegetation types at the regional and biome levels (Fischer et al. 2013).  European 
settlers in the 1600’s became a key driver of the disturbances of the temperate forest regions.  The 
seemingly virgin forest was viewed as a means for fear of the potentially unknown hazards 
towards settler’s wellbeing, as well as an inexhaustible resource for consumption to build 
settlements for an increasing population (Buckley 1998, Leech 2012).  As technologies and 
population increased so did the rate of logging activities for agriculture conversion and the need 
for forest products particularly timber (Burger and Zipper 2009).  Underground mining for coal in 
the Appalachian region began in the 1700’s, but its impact on the landscape was minimal.   
 
By the mid and late 1800’s the large-scale extraction of coal increased exponentially.  This was in 
part due to the end of the Civil War and continued expansion of railroads.  Coal companies began 
to buy as much acreage and mineral rights as possible.  During 1926-1927, having long since 
penetrated the coalfields of Pennsylvania, West Virginia, and Kentucky, Consolidation Coal 
became the largest producer of bituminous coal in the United States (Buckley 1998).  Coal 
companies wastefully cleared the forest to extract the economically higher valued coal, while 
4 
 
utilizing a minor portion of the timber for mine shaft beams and railroad ties.  Two world wars in 
the first half of the 20th century heightened demand for coal, each requiring greater output of coal 
for facilitating production of steel and energy that powered the war efforts.  During this period 
environmental concerns were in a state of diminished capacity.  It was also during this period in 
the Appalachian coal field, that mining techniques shifted from primarily underground mining to 
surface mining. 
  
Disturbance in Appalachia 
Mining operations in Appalachia and other regions of North America create direct and indirect 
ecological disturbances, the effects of these operations have been observed and studied at local, 
regional, and landscape scales for over a century.  Direct ecological disturbances that result from 
mining operations include loss of diversity (Wood et al. 2013), fragmentation (Brown et al. 
2001), erosion, stream sedimentation, loss of headwater streams, reductions in net primary 
productivity (Rodrigue et al. 2002) due to the lack of succession.  
 
An important indirect ecological disturbance from coal mining is the introduction of invasive 
exotic species.  Invasive exotic species movement and establishment increases correlate well with 
the increases of international trade of goods (Havell et al. 2000), which includes coal.  Transport 
vessels that leave ports in the United States fully loaded with Appalachian coal do not return 
empty, imports fill those vessels that eventually return to the same ports.  Some of the flora and 
fauna imports do not become invasive due to an inability to establish.  A small percentage of the 
exotic species can and have become established by natural means and human assistance 
Garbelotto and Pautasso 2012, Oliphant et al. 2016), those that have play an intrinsic part in the 
resulting degradation of the environment and the nations forest resources.  
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Mining Policy and Procedure in the Appalachian Region 
The Surface Mining Control and Reclamation Act (SMCRA), the Appalachian Regional 
Reforestation Initiative (ARRI), and the Forestry Reclamation Approach (FRA), are influencing 
the ways reclamation and reforestation is viewed and occurring on mined lands in the 
Appalachian region.  The combination of these guidelines and entities are working together to 
tear down barriers that hinder the return of this land to productive forest systems (Angel et al. 
2009).  During the 1970’s several policies were enacted in the United States starting with the 
Clean Air Act (1970), the Clean Water Act (1972), and the Surface Mining Control and 
Reclamation Act (1977).  These acts were intended to protect human health and set 
environmental goals for reducing the influx of pollutants to the nations natural systems, this 
includes using the best available technologies, setting contaminant loads, and accountability 
through regulation.   
 
SMCRA is broken into two programs, the first regulates active coal mines and the second is for 
reclaiming abandoned mined lands (AML). This act also created an agency inside of the 
Department of the Interior, the Office of Surface Mining (OSM), which is responsible for 
enforcing the regulations and securing funds for reclamation efforts on AML.  SMCRA addressed 
the environmental conditions as a direct result of surface mining activities.  The negative 
consequences of surface mining that emerged from unregulated practices include contaminated 
hydrologic systems, extreme erosion causing landslides, barren nonproductive landscapes, and 
reduced biodiversity (Randall 1978, Rodrigue 2004, Skousen and Zipper 2014).  To address 
needed procedural changes to stay within the regulations coal companies routinely compacted the 
soil with heavy equipment, then seeded with fast growing aggressive grasses and legumes. The 
purpose of rapid ground cover establishment is to fulfill the performance bond terms set prior to 
mining an area.  The bond release occurs in three phases: 1) backfilling and recontouring the 
mined area, 2) site revegetation and discontinued inputs of suspended solids to streams outside 
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the mined area and 3) completion of all mining activities, reclamation, and fully meeting all 
requirements for SMCRA.   
 
Land-use reclamation practices that follow the above approach to adhere to policy do not 
necessarily create site conditions conducive for productive forests.  SMCRA policy allows the 
intended land use to be broad in nature if the post mining plan is equal or better than the original 
use, this includes commercial, residential, industrial, agricultural and public use (30 U.S.C. § 
1265(c)(3)(A), 1265(e)(3)) (OSM 2000).  When mine sites are reclaimed as pasture or hay land 
this creates a viable alternate land-use that could provide increased value with livestock grazing 
or hay production according to the act (Rodrague et al. 2002).  A significant percentage of this 
land has not been utilized for these purposes and is in an arrested successional state by having a 
reduced ability to increase vertical structure complexity and diversity (Avera et al. 2015, Urbano 
and Keeton 2017).  This in turn, does not increase the benefits from ecosystem services nor 
human health and welfare.  Post reclamation mine sites were examined across central Appalachia 
and the predominant herbaceous species across all sites, was found to be tall fescue (Festuca 
arundinacea), which is commonly seeded when reclaiming mines (Zipper et al. 2011). Sericea 
lespedeza (Lespedeza cuneate) a non-native invasive legume commonly seeded on pre-SMCRA 
and older post SMCRA mines was also commonly observed.  Grassland reclamation is easy to 
establish, very effective in preventing erosion and allows the mining company to meet 
requirements for phase 2 performance bond release, so it was widely practiced in the Appalachian 
region.  
 
ARRI was formed in 2004 and is a coalition of groups, including citizens, the coal industry, and 
Federal and State government agents that are dedicated to restoring forests on coal mined lands in 
the Eastern United States. ARRI is working to improve reforestation of mined lands within the 
SMCRA regulations.  ARRI is comprised of two teams a core team that handles the logistical 
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activities, and a science team developed in 2005 comprised of a diverse group of scientists and 
those active in reforestation.  In the first three years after the formation of ARRI 33.2 million 
trees were planted (Angel et al. 2009).  In 2009 the Green Forests Work (GFW) organization 
formed from ARRI, GFW is a non-profit organization that addresses economic development and 
environmental improvement in the Appalachian region on Legacy mines and AML.  From 2009 
to 2015 this partnership has planted over 1.53 million trees on over 800 hectares of mined land in 
Appalachia (Angel et al. 2015).   
 
ARRI established a set of key barriers that needed to be removed to promote science-based 
approaches to returning the mined areas to a state of ecological function similar to pre-mining 
activities.  The barriers recognized by ARRI include: 1) cultural beliefs, 2) technical dynamics, 
and 3) regulation.  These barriers reduce the proficiency of achieving the following goals set forth 
by ARRI. 1) plant more high-value hardwood species in coal mined areas of Appalachia, 2) 
increase the survival and growth rates of planted trees, and 3) expedite the establishment of forest 
habitat through natural succession (Angel et al. 2015).  Through numerous planting events and 
research projects the Forestry Reclamation Approach (FRA) has evolved into a proven science-
based guideline for establishing productive forests on the millions of acres of mined land in 
Appalachia (Drummond and Thomas 2010, Pericak et al. 2018, and Zipper 2011). 
 
 FRA was designed from scientific research and experience and is a five-step approach that 
improves reforestation efforts and productivity of reclaimed mine lands (Burger 2005). The five 
steps of FRA are 1) Create a suitable rooting medium for good tree growth that is no less than 
four feet deep and comprised of topsoil, weathered sandstone, and/or the best available material 
2) loosely grade the topsoil or topsoil substitutes established in step one to create a non-
compacted soil growth medium 3) use less competitive ground covers that are compatible with 
growing trees 4) plant two types of trees – early succession species for wildlife and soil stability, 
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and commercially valuable crop trees, and 5) use proper tree planting techniques (Angel et al. 
2009).  For example, (Step 1) has shown to increase the effects of all plots on brown sandstone by 
a 10-fold greater tree volume index than gray sandstone treatments, and that planting mediums 
play a crucial role in reforestation outcomes (Sena et al. 2015; Wilson-Kokes et al. 2013a).   
Management utilizing the FRA is shown to increase growth and survival of mixed hardwoods on 
reclaimed mine sites in Appalachia.  For example, (Fields-Johnson et al. 2014) found that the use 
of subsoil ripping (Step 2) increased mixed hardwood survival from 43 to 71%, hybrid poplar 
(Populus spp.) biomass index from 1.51 to 8.97 Mg ha-1, and eastern white pine (Pinus strobus) 
biomass index from 0.10 to 0.32 Mg ha-1 on experimental sites in Ohio, Virginia, and West 
Virginia.  FRA (Step 3) addresses constraints due to competition with ground cover, research 
shows that survival, growth rates, and populations of volunteer species increase with less 
aggressive and tree compatible herbaceous ground covers (Ashby 2006; Fields-Johnson et al. 
2014; Franklin 2012; Hopps et al. 1994).  FRA (Step 4) takes wildlife, potential economic 
influence, soil stability, soil enhancement, and aesthetics into account.  A study from (Wade et al. 
1985) re-evaluated a research project started in 1964 that was looking at survival, and growth of 
25 tree, and 25 shrubs species, and changes to soil properties at four and eighteen years after 
planting on a mine site in Laurel County, Kentucky.  They found that in the long-term most of the 
species persisted and colonized beyond the initial plantings.  They also found soil pH increased 
from a mean of 3.90 to 4.46 during the 18-year period. Soluble salts as determined by specific 
conductivity dropped from a mean of 0.31 mmhos/cm to 0.15 mmhos/cm, or 52 percent.  The 
FRA is essential for the establishment of the planted species, without proper planting the initial 
survival rate will decrease.  Prior to planting, trees need to be handled properly by keeping the 
root system healthy (Burger 2009).  Planting techniques include preparing the planting hole to a 
size that will accommodate the root system and allow for proper planting depth.  After the tree or 
shrub is placed in the hole, backfilling the hole adequately will ensure the roots are protected 
from the elements to increase the survival odds of that stem.  Proper, science-based management 
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of reclaimed surface mines as functional forest ecosystems is attainable through these guidelines 
and entities. Accommodations for ecosystem services can be achieved with planting native 
species, biomass plantations and other reforestation efforts such as restoring the American 
chestnut, which all serve as a catalyst for increases in biodiversity, soil health, carbon 
sequestration, human health, and proficient steps toward sustainability (Wang, et al. 2013). 
 
Non-native Species 
Disturbances from introduced exotic species have disrupted the ecological function of 
Appalachian forests and abroad by creating gaps that are then utilized by other invasive species, 
exotic and native, locally known species include bush honeysuckle (Lonicera mackii), autumn 
olive (Elaeagnus umbellate) and kudzu (Pueraria lobate).  Dutch elm disease was unknown in 
Europe and North America before 1900, yet there have been two destructive pandemics of this 
disease in the northern hemisphere in the 20th century. These have been caused by the spread of 
two different species of fungal pathogen, (Ophiostoma ulmi) and (Ophiostoma novo-ulmi) 
(Brasier and Buck, 2001).   The chestnut blight caused by (Cryphonectria parasitica) was noticed 
in New York in 1904 (Faison et al. 2014).  In the recent past (Phythophtora ramorum) the causal 
agent of sudden oak death was first noticed in California in 1994.  Research on this fungus has 
shown that infection is not species specific and that all red oaks are susceptible (Forrestel, 2015).  
The ability of (Phythoptora. ramorum) to disseminate aerially differentiates it from most forest 
Phytophthora pathogens and together with its ability to disperse in soil and water, places it in a 
category of extreme potential risk in any moist temperate climate (Huberli et al., 2008).  The 
Emerald ash borer (Agrilus planipennis) native to Asia was discovered in Michigan in 2002.  This 
exotic pest was probably introduced at least 10 years before it was discovered, in wood crating, 
pallets and similar packing material that was shipped into Michigan from Asia (Koenig and 
Liebhold, 2017). The hemlock wooly adelgid (Adelges tsugae), is an introduced pest that was first  
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reported in the U.S. around 1951, causing severe mortality of the two-hemlock species native to 
eastern North America (Havall et al. 2006).  The importation of ornamental varieties of hemlock 
from Asia is likely how this invasive pest was introduced.   
 
These exotic species create environmental constraints on new establishment and continued 
propagation of native species within the Appalachian region, by reducing the ability of plants to 
perform needed physiological functions that include photosynthesis, transpiration, and 
reproduction.  Research and management actions must account for exotic species that have been 
introduced and threaten native species when reclaiming mined areas.  Mined areas in Appalachia 
are highly disturbed, fragmented, and in an arrested state of succession, these characteristics 
amplify the ability of the exotic species to establish and out compete the native species in this 
region.  
 
The American chestnut and other extant species are highly valued and important trees for 
Appalachia and other regions of the Eastern United States.  On mined land, restoration of these 
species will increase ecosystem diversity, help mitigate further genetic bottlenecking, increase 
carbon sequestration, and benefits to human populations by establishing resources to promote 
economic growth.  These species are part of the nation’s cultural practices, American elm timber 
uses include flooring, hand tools, and high-quality hockey sticks, white ash timber uses include 
flooring, boat oars, high-class joinery and cabinets, and the well-known Louisville slugger 
baseball bats, American chestnut timber uses include, building frames, decks, and furniture, due 
to high concentrations of tannic acid this wood has a high level of rot resistance.  Wood and 
manufactured forest products add more than 450 billion dollars to the world market economy 
annually (Kohl et al., 2015).  In most cases the vector or pathogen responsible for the extirpation 
of these species had established years prior to observation so research must address mitigation 
and co-existence of these vector and pathogen/host dynamics, buy utilizing mined land, 
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restoration efforts can have greater levels of control concerning a wide range of factors 
encompassing edaphic conditions, genetic strains, and competition to silviculture applications 
such as spacing and species mix.  Restoration of extirpated species has ecological value as well as 
cultural value, and therefore has a need for conservation. 
 
Reforestation Multifariousness 
Reclamation through reforestation of mined land presents opportunities for multiple management 
regimes due to the vast amount of land area affected by mining and the variety of native species 
in Appalachia (Casselman et al. 2006, Fields-Johnson et al. 2012).  However, ecological 
constraints such as slope position, aspect, climate, biotic community, and biological thresholds 
due to abiotic factors, dictate the potential ranges of those species (Maskell et al. 2013).  The 
dynamic interaction of those constraints and natural or anthropogenic disturbance is the driver of 
the ever-changing mosaic.  Species selection can be adjusted to adhere to the constraints present 
at a site, to assist in setting management objectives and goals (Monteleone et al. 2018).  
Reforesting with a general mix of native species, feedstock species, or restoration species all 
adhere to environmental constraints, with this knowledge and the FRA reforestation can be 
achieved with a greater probability of success (Angel et al. 2009).   
 
Since the implementation of SMCRA reclamation to pasture and hay land have been prominent 
(Angel et al. 2015, Ashby 2006, Burger and Zipper 2009) even though, most of the land was 
forested prior to mining activities.  Reforestation can occur in many forms, including native 
species mixes, feedstock for biomass, restoration of species, wildlife specific species, and 
economically valuable species.  One of the common threads that link these types together is 
improvement to environmental services such as land stability, flood control, habitat for game 
species, and carbon sequestration, that benefit the human populations in those areas.  Another 
factor is the accompanied financial potential for individuals as well as society, through increased 
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land value from wildlife, timber production, and other forest related products.  Reforestation 
increases vertical structure complexity, niche availability, connectivity, species richness, and 
overall biological diversity.   
 
Environmental dynamics 
Natural succession is a temporal factor, studies have shown that shade intolerant early 
successional species can establish in <10 years on fallowed and disturbed sites (D’Orangeville et 
al. 2007; Fridley and Wright 2018).  Reforestation efforts can expedite the establishment of 
woody species on mined lands that have minimal successional potential due to high soil bulk 
density resulting from heavy compaction.  By using the FRA, forest development can proceed.  
As growth and vertical structural development occur, biotic communities develop and diversify 
creating a more complex structure.  After canopy closure some species fail to compete and are no 
longer part of the community.  Management plans that consider the role of succession can predict 
species diversity and the potential habitat composition.  
 
Reforestation of mined land will reduce the areas vegetated with herbaceous ground cover which 
reduces suitable habitat for grassland species such as the grasshopper Sparrow (Ammodramus 
savannarum), bobolink (Dolichonyx oryzivorus), and Henslow’s sparrow (Ammodramus 
henslowii) (Askins 2007), which are habitat specialists requiring grassland/savannah habitat.  
This in turn will increase edge and core habitat that supports species that include the Black-
throated Blue Warbler (Dendroica caerulescens), white-footed mice (Peromyscus leucopus), and 
White-tailed Deer (Odocoileus virginianus) (Byman et al. 2013).  The spatial arrangement of 
vegetation height plays an important role in associating the quality of habitat condition and 
diversity of ecological niches for avian and other species that are habitat specialists (Huang et al. 
2014).  This creates an issue that is extremely debatable as to what type of land cover is needed to 
create habitat for selected species that may be in decline, threatened or endangered.  Historically 
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the Appalachian region was mostly forested with canopy gaps formed from natural events more 
often than human induced disturbance, allowing species immigration to flow somewhat 
unimpeded from fragmentation.   
 
This corridor for species movement allowed heavy seeded and light seeded tree species to 
disperse and shift naturally across the landscape.  In recent study (Senna et al. 2015) looked at 
three spoil types (unweathered GRAY sandstone, weathered BROWN sandstone, and MIXED 
sandstone/shale) as topsoil substitutes concerning afforestation and vegetative recolonization on a 
surface mine in Appalachia.  They reported growth of the four hardwoods planted after eight 
growing seasons showing average height of all species in the brown sandstone to be 314±7.8cm, 
114±3.3cm in mixed sandstone, and 50.5±13.6cm grey sandstone, this trend in spoil type was 
also present in the results for vegetative cover with brown sandstone at nearly 100% cover.  By 
utilizing the steps from the FRA establishment, succession, increased structural complexity, and 
increased diversity can be observed in less than a decade.  A study in West Virginia was to 
identify and determine the size of tree species that naturally colonized surface mine sites after 20 
years with no initial tree planting prior to the implementation of SMCRA (Skouson et al. 2006).  
They found that areas that were seeded with herbaceous ground cover had significantly less tree 
recruitment and growth compared to sites that were undisturbed and disturbed but not seeded with 
herbaceous ground cover.  This study shows that mined land can harbor natural reforestation 
though succession in twenty years, with greater growth and recruitment then sites reclaimed with 
aggressive herbaceous ground covers.  
 
Biomass Plantations 
Woody feedstock species are planted because they possess traits that are beneficial to human 
utilization, accelerated growth, form, low nutrient requirements, drought tolerance, disease 
resistance, coppice ability, and bioenergy applications are examples of those traits (Dipesh et al. 
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2015, Zalensy et al. 2016a and 2016b).  This in conjunction with the management objectives and 
goals define the selected species.  Common feedstock species include cottonwoods (Populus 
spp)., willows (Salix spp)., American sycamore, black locust, and sweetgum (Liquidambar 
styraciflua).  Feedstock species importance is increasing as energy demands and climate change 
increase and occur.  Biomass plantations can typically be harvested within ten years of 
establishment, with optimal nutrients and moisture rotations can occur in as little as four years 
(Buchholz 2011, Coyle et al. 2015, Domec et al. 2017).  Feedstock species typically used for 
short rotation woody crops (SRWC) have also been used as bioremediation species for landfills, 
areas that receive excessive nutrients from point sources due to commercial operations like 
combined animal feed operations (CAFO), and other degraded land areas (Dipesh et al. 2015, 
Kim and Lee 2005).  Due to the exhibited traits feedstock species have a multifaceted utilization 
potential regarding reclamation and reforestation on mined land in Appalachia while enhancing 
future economic potential.  Biomass production is influenced by a combination of species 
genetics, soil and water conditions and amendments. 
 
Dipesh et al. (2014) evaluated the annual growth performance and nutrient uptake of American 
sycamore for ﬁve growing seasons and 25 different clones of eastern cottonwood (Populus 
deltoids) for four growing seasons in a soil backﬁlled, dewatered swine lagoon in north-central 
Oklahoma.  They reported after 4 years of growth that eastern cottonwood contained 42 Mg ha-1 
of total aboveground standing biomass which was signiﬁcantly greater than the 5-year-old 
American sycamore biomass accumulation of 22 Mg ha-1 (P<0.0001).  The influence of site 
condition, fertilization and spacing on short rotation hardwood coppice and seedling yields were 
examined on a four-year old biomass plantation in Monroe County, Alabama (Torreano and 
Frederick 1988).  In this study, researchers reported above ground biomass for American 
sycamore at 4.8-28.3 Mg ha-1 across treatments.  A study established in 2000 in South Carolina 
(Coyle et al. 2016) tested American sycamore and two eastern cottonwood clones under a range 
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of nutrient amendments.  After nine years, two cottonwood varieties exhibited net primary 
productivity (NPP) across treatments from 4.7-15.3 Mg ha-1 yr-1, while American sycamore had 
an NPP range of 8.7-12.9 Mg ha-1 yr-1. Ten-year old American sycamore coppice plantations 
across Tennessee were evaluated at multiple soil gradients including marginal mine soils 
produced a range of 17-132 Mg ha-1 of biomass across the gradients (Wells et al. 2003).  Each of 
these studies had many similarities and many differences.  Each share a selected feedstock 
species, and overlap in biomass accumulation findings, and the last three studies examined 
nutrient gradients.  The connection of these studies is that they provide management 
recommendations for maximizing feedstock productivity under a variety of soil and nutrient 
conditions. 
 
American Chestnut 
The American chestnut (Castanea dentata) was a dominant species in Appalachia and most of the 
eastern deciduous forest (Brooks 1986), prior to invasion of two plant pathogens that reduced the 
natural stature of this species to a shrub type species in the understory.   A root fungus 
(Phytophthora cinnamoni) the causal agent for ink disease flourished from about 1825 to 1875 
(Budde et al. 2016, Pezzi et al. 2011) and affected American chestnut primarily on the southern 
end of its range.  The chestnut blight caused by (Cryphonectria parasitica) was noticed in New 
York in 1904 (Faison et al. 2014) and devastated chestnut populations from the northern range 
south for the next 50 years.  Some consider the loss of the American chestnut in eastern U.S. 
forests to be the greatest ecological disaster of the 20th century (TACF 2019).  Restoration work 
began shortly after the blight was observed by the USDA Bureau of Plant Industry, then taken 
over by Connecticut Agricultural Experiment Station (CAES) in the 1940s (Clark et al. 2014).  
Currently three organizations and many partners continue work to bring back the American 
chestnut: the CAES, the American Chestnut Cooperators Foundation (ACCF), and the American 
Chestnut Foundation (TACF).  Each organization is focused towards the same goal, by utilizing 
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different approaches for reestablishment of the American chestnut through selective breeding 
procedures and management.  CAES is using backcrossed breeding and hypo-virulent strains of 
the blight, the ACCF incorporates site conditions and management plans, and TACF uses two 
main Chinese chestnut (Castanea mollissima) sources and is currently researching the most 
advanced breeding material, that incorporates resistance to ink disease.   
 
Numerous successful reforestation projects, following the FRA, have been demonstrated on mine 
lands across Appalachia. Therefore, chestnut reestablishment on surface mines is gaining 
acceptance.  Numerous reasons abound for planting chestnuts on fresh mine spoils.  First, loose 
mine spoils reclaimed using FRA techniques have exhibited good growth and survival rates using 
other native Appalachian hardwoods, this suitability may prove beneficial for the chestnut (Angel 
et al. 2009, Barton et al. 2015, Sena et al. 2013, Wilson-Kokes et al. 2015).  Second, the chestnut 
was dominate on high elevations and ridgetops (Clark et al. 2016, Russel 1987), the light and soil 
chemical properties are similar on surface mines.  Third, loose mine spoils are initially devoid of 
vegetative competition, a hindrance to establishment and initial growth.  Fourth, pathogenic 
microbial communities such as Phytophthora, which have hindered TACF’s breeding and 
restoration efforts, may be initially devoid in the fresh mine spoils (James 2011).  Lastly, the 
historical distribution of the American chestnut and the Appalachian coal field greatly overlap.  If 
loose mine spoils prove to be advantageous for growth and survival of the chestnut, then it is 
plausible that founder populations of backcrossed chestnuts could disperse and establish 
throughout the Appalachian coal field range (Jacobs 2007, Skousen et al. 2018).  Assisting in 
accomplishing TACF goal of restoring the chestnut to its natural range. 
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Chapter Three: Biomass as a Land Use Type 
Introduction 
American sycamore (Platanus occidentalis) and black locust (Robinia pseudoacacia) have been 
extensively studied for their suitability as feedstock species (Bongarten et al. 1992; Briscoe 1992; 
Coyle and Coleman 2004; Gonzalas-Garcia et al. 2011).  Understanding how establishment and 
biomass accumulation is affected by different silviculture techniques on mined lands in 
Appalachia can increase the efficacy of reforesting this land.  When determining what species to 
plant and site location there are many factors that must be considered.  These factors include 
physiological and biological traits, as well as abiotic factors that include edaphic features, 
topographical location, and climate.  Biotic factors that must be considered include herbivory 
pressure, disease and vector resistance, and competition from other species.  With silviculture 
treatments and all factors considered, overall matching species to a location can result in 
improved performance of the selected species.   
 
Common experimental variables in the above-mentioned studies include species selection, 
fertilizer application, irrigation, competition control, spacing, slope, and aspect.  This information 
can assist efforts to reforest mined land, while increasing productivity, diversity, and 
environmental stability of the area.  The potential for commerce activities with a renewable 
resource is also increased through the forest operations (establishment, management, harvest, and 
processing) needed for utilizing the renewable resource. 
 
Czapowski and McQullkin (1966) completed a study on mined land in Pennsylvania that 
quantified survival and growth of black locust by spoil type, grading, slope, and aspect.  After 
twelve-years survival ranged from 0-100% with the average of 59%, while growth ranged from 
24.2ft to 39.2ft and averaged 30.1ft.  Over all gradients of the edaphic features and conditions, 
survival and growth were greatest at higher acidity levels and less compacted soil types, while 
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slope and aspect showed no significant differences.  In a study examining early stand 
development on closely spaced fertilized American sycamore plantations in Kentucky, Wittwer 
(1980) found that bottomland site survival (88-90%) was significantly greater than terraced sites 
(75-79%), and that sites with no fertilizer (88-90%) had significantly greater survival than sites 
that were fertilized (77-84%).  Heights for the treatments were highest in fertilizer treatments on 
nitrogen plots at 18.1ft for both site types, and heights significantly increased with increased 
spacing from 1’x 3’ to 3’x 6’.  Results of these two previous studies have been reinforced by 
other related research.  Black locust outperformed ten other species by having the highest survival 
(100% in all plots) and the largest average volume after 3 years. (792 cm3) across all treatments in 
a study looking at survival and growth of hardwoods on different spoil types and compaction 
gradients (Emerson et al. 2008).  In a study examining optimal fertilizer application rates the 
average height of 15.5m on fertilized (120 Kg ha-1 yr-1) seven-year-old American sycamore plots 
were greater than unfertilized plots with average height of 10.9m (Coyle et al. 2013).  
 
Results from the previous research have been variable, due to the variability in biotic and abiotic 
factors as well as treatment specifics.  These past studies are linked to the research presented here 
through a shared goal of finding the optimal and most efficient silvicultural approach for 
enhancing the establishment, survival, and growth of the planted species.  The variability in 
results do contribute to overall science-based information and insights to ultimately accomplish 
management goals and reforestation of mined lands in Appalachia, while simultaneously 
increasing the efficacy of reforestation efforts.  The research presented here will contribute to the 
current knowledge concerning species selection, site selection, and silviculture techniques. Thus, 
creating a greater understanding of localized environmental constraints that can be expanded to 
improve management at the landscape scale.  The contributions of this research can assist in 
grasping how growth and survival of woody feedstock species interact with silvicultural 
approaches that are applied, such as spacing, soil amendments, and frequency of soil 
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amendments.  The resulting data on the spatial and temporal factors can be utilized to produce 
greater yields and survival at the rotation age objective, and each subsequent rotation on surface 
mines by finding trends in climate, species, and edaphic features within the soil matrix at the 
experimental level.  The benefit of this understanding may assist in a management plan for a 
larger mined area.  
 
Although a significant amount of research has been performed on woody biomass and bioenergy 
feedstocks, little has focused on the use of these techniques on surface mined land.  The potential 
for biomass production on reclaimed surface mines is supported by having key infrastructure in 
place from mining operations.  This infrastructure includes smoothly contoured landscapes from 
reclamation processes with expansive road networks, onsite coal processing buildings that can be 
adapted to process the harvested biomass and proximity to powerplants that could utilize the 
feedstocks.  Biomass plantation establishment and management on mined land has great potential 
for creating jobs and supporting the forest industry in Appalachia for current and future 
generations.   
 
The objective of the biomass plantation experiment was to evaluate tree biomass accumulation 
and growth metrics of American sycamore (Platanus occidentalis) and black locust (Robinia 
pseudoacacia) from two years of intensive management within and across treatment types 
(irrigation plus fertilization, irrigation, fertilization, and the untreated control) after eight growing 
seasons on a surface mine in eastern Kentucky.   
 
Experimental Design and Methods 
Study Site 
The study was conducted on the Starfire Mine located in Perry County, Kentucky (37.4017443, -
82.1260284 for the southwestern edge of the research area).  The site is located within the mainly 
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hardwood forested region defined as the Eastern Coal Fields in the Cumberland Plateau physio 
geographic region, formed by resistant Pennsylvanian-aged sandstones.  The region is classified 
as temperate humid continental with four distinct seasons.  With an annual high temperature of 
26.1oC, the annual low is 3.3oC, with an average temperature of 12.85oC.  The average somewhat 
evenly distributed annual precipitation is 120cm, with 33cm as snowfall as reported for the 
eastern climate division in Kentucky (NOAA 2018).    
 
Study Design and Experimental Treatments  
The original experiment was established in 2008, as a 2x4 factorial complete randomized block 
design (Brinks 2010, Brinks et al. 2011).  The experimental site was ripped unidirectional to 
depths up to 0.75 m by a single shanked ripper attached to a D9 bulldozer.  Twelve 0.21 ha 
experimental units were then established (Figure 3.1), half of each plot was planted with nursery-
run 1-0 bare root seedlings of American sycamore and the other half were planted with black 
locust by a commercial contractor in March 2008.  Due to large boulders in the soil matrix and 
the non-uniform spacing of the ripped rows, planting densities ranged from 1,615-2,476 trees per 
ha-1 for American sycamore and 1,453-3,284 trees per ha-1 of black locust (Brinks et al.2011).   
Within each plot, two centrally located 0.02 ha measurement sub-plots were established along 
with four 0.008 ha destructive sampling sub-plots.  The experimental treatments included a 
control (CON), granular fertilization (F), irrigation (I), and irrigation + fertilization (IF), 
treatments were replicated three times and randomly assigned to the experimental plots. 
 
All fertilized plots received approximately 36 kg nitrogen, 30 kg phosphorus, and 16 kg 
potassium in granular form per ha-1 with manual hand and chest mounted spreaders in 2008, 
2009, and 2010.  Approximately 3.4 million liters of water ha-1 were applied to irrigation and 
irrigation plus fertilizer treatments throughout the 2008 and 2009 growing seasons with a drip 
irrigation system powered by a 7 KW belt driven propane fuel generator. A 36 kg ha-1 solution of 
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nitrogen, phosphorous, and potassium was applied to irrigation plus fertilizer (fertigation) plots 
during the 2008 and 2009 growing seasons (Brinks 2010).  Beyond the 2010 growing season 
fertilizer, irrigation, and irrigation plus fertilizer treatments did not occur again and the site was 
left under open growing conditions.  To minimize competing vegetation following planting, all 
treatment plots (CON, F, I, IF) received several glyphosate herbicide applications within the first 
two growing seasons.  The herbicide (3-5% solution by volume in a water carrier) was applied as 
a spot treatment using low pressure nozzles to minimize herbicide drift onto the planted seedlings 
(Brinks et al.2011).  In May 2008 initial measurements included total height and and ground line 
diameter (GLD) for all planted trees within the 0.02 ha sub-plots. The plots were remeasured in 
January 2009, December 2009, and again in 2016 (Figure 3.2).   
 
Field Methodology 
In 2016 the twelve plots and twenty-four sub-plots were reestablished by locating the rebar 
markers and T posts put in place during establishment of the experiment.  Herbaceous growth was 
controlled manually by removing the dense blackberry (Rubus spp.) growth within all plots for 
ease of measurements and destructive sampling.  A census inventory was taken within the 0.02 ha 
subplots for the planted species.  The inventory consisted of recording the species, height from 
the root collar to the tip of the dominate stem, to the nearest inch then converted to centimeters 
and meters, GLD, and diameter at breast height (DBH), was measured in millimeters at two 
points perpendicular to each other, then averaged.  
 
The tree height distributions were summarized using SAS 9.3 (SAS Institute Inc. ©2010) to 
determine the destructive sampling distribution needed for the development of aboveground 
leafless biomass prediction models.  The purpose of this was to assist in collecting destructively 
sampled trees that were representative of the tree size distribution by species thus reducing 
potential bias in the developed allometric equations.  The destructive sampling protocol was to 
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only collect samples from the 0.02 ha sub-plots excluding two planted border rows to reduce edge 
effects.  The sampled trees were measured for height and diameter at breast height in the same 
manner as the initial inventory.  Once the sampled trees were measured, they were felled as close 
to the ground line as safely possible (<10cm).  The trees were then segmented into branches and 
bole and were weighed (Kg) using a large game scale (Intercomp CS200) then recorded.  One 
composite subsample was taken from the branches and contained in paper lunch bags, then 
weighed (g) using a (GHAUS Adventure Pro) and recorded.  Three subsamples of the bole were 
taken from the butt end, then weighed (g) and recorded.  This process was repeated for each 
destructive sample, the samples were N=36 for American sycamore and N=24 for black locust, 
the difference in sample size is due to adjacent active mining operations creating a hazardous 
condition which limited access to several black locust plots.   
 
Laboratory Measurements 
In the laboratory the bole and branch sub-samples were oven dried at 60o Celsius for 
approximately seven days, the samples were considered dry when the weight reading remained 
constant for two days with two random samples from each species. All samples were immediately 
weighed using the same scale used during sampling, and dry weight (g) was recorded.  Percent 
moisture content was then calculated using the equation below.   
 
𝑀𝑀𝑀𝑀 = �𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑
� ∗ 100 
 
This was then used to determine the dry aboveground leafless biomass for the whole tree.  This 
was accomplished by taking the sample wet weight of the branches and the dry/wet ratio to yield 
total branch dry weight, the equation is below.   
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To calculate total bole dry weight the same calculation was used after averaging the three sub-
sampled cookies dry weight.  Total dry weight was calculated by adding the branch and bole dry 
weights together. 
 
𝑇𝑇𝑇𝑇𝑤𝑤𝑇𝑇𝑇𝑇 𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑇𝑇𝑤𝑤 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤 = 𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑇𝑇𝑤𝑤 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤 ∗ 𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑇𝑇𝑤𝑤 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤 𝑑𝑑𝑇𝑇𝑤𝑤𝑟𝑟𝑇𝑇 
 
Statistical Analysis 
Using the plot procedure (SAS 2010) total dry weight (kg) versus DBH (mm) was plotted and a 
nonlinear relationship was found between these variables.  Therefore, to develop dry 
aboveground leafless biomass prediction models and meet statistical assumptions for linear 
regression, DBH and total dry biomass weight by species were transformed using the natural log.  
Proc Reg (SAS 2010) was used to fit the model and inventory data. This was accomplished by 
using the species DBH in conjunction with the appropriate species model.  The Baskerville 
correction factor was applied to the model predictions at the end to limit any bias resulting from 
the log transformation (Baskerville 1971).  Using these species-specific biomass regression 
models and the DBH for each tree observed in the 2016 inventory, aboveground leafless biomass 
was estimated for each tree. 
 
The mean and standard error for the variables GLD, DBH, total height, predicted biomass stem-1, 
and total biomass ha-1  for the 2016 inventory were calculated by plot, treatment, and species 
using the means procedure (SAS 2010), trees per hectare (TPH) was calculated using a per tree 
expansion factor of 53.827 TPA that was determined from the inventory plot size.  These plot-
level data were utilized within a general linear model (SAS 2010) to determine the relationship 
between the above-mentioned dependent variables and the factors, treatment (CON, F, I, IF), 
species, and treatment*species interaction.  The analysis of variance (ANOVA) (α = 0.05) and the 
Tukey’s post-hoc test was utilized to test for differences in the means for GLD, DBH, height, 
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predicted biomass stem-1, and total biomass ha-1.  Trees per hectare were calculated but not tested 
for differences due to variability in planting densities and the uncertain influence of tree 
recruitment during the study period.  
 
Results 
Inventory and Destructive Samples 
American sycamore (n = 617) exhibited a mean height of 5.39 m with a standard error of 0.094.  
Black locust (n = 250) exhibited a mean height of 3.26 m with standard error of 0.12.  The 
destructive samples were (n = 36) for American sycamore and (n = 24) for black locust and were 
used for building the predicted biomass model.   
 
Density 
2016 density was calculated for species and species*treatment, but not tested for statistical 
differences due to uneven planting.  Survival was not calculated or tested due to the initial 
variance in planting density.  Mean density was 2,722 stems ha-1 for American sycamore with a 
maximum of 4,198 stem ha-1 in the irrigation plots, and a minimum of 1,776 stem ha-1 in two plots 
one a control and the other being an irrigation plus fertilizer plot.   Mean density was 969 stems 
ha-1 for black locust, with a maximum of 1,884 stem ha-1 in a control plot and a minimum of 107 
stem ha-1 in a fertilizer plot. 
 
Mean Tree Size 
American sycamore exhibited higher height growth than black locust (α=0.05, p=0.0092) eight 
years after study establishment.  However, there were no differences between the two species by 
treatment or treatment*species (Table 3.1.).  Maximum heights for both species were found in the 
fertilizer plots at 12.32m and 8.0m for American sycamore and black locust, respectively.  Mean 
heights by treatment were 7.29m and 3.98 for fertilizer plots, the control plots at 5.60m and 
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4.25m, irrigation 5.14m and 3.67m, and irrigation plus fertilizer at 4.79m and 3.11m for 
American sycamore and black locust respectively (Figure 3.3).   
 
There were no significant differences in DBH by treatment, species, or treatment*species. The 
DBH had a similar pattern as the heights with a maximum mean DBH of 51.4mm in fertilizer 
plots and a minimum mean DBH of 36.3mm in irrigation plus fertilizer plots (Figure 3.4).  Mean 
DBH was 49.6mm for American sycamore 39.4mm for black locust.   
 
Biomass accumulation 
Destructive samples for American sycamore (n = 36) and black locust (n = 24) were used to 
develop a linear regression model (Table 3.2.) to predict above ground leafless biomass for both 
species.  The individual stem predicted biomass for species, treatment, and treatment*species was 
computed using a species predicted aboveground leafless biomass using the following equations: 
 
American sycamore:         Predicted Biomass= (6.24+2.01 * DBH) * 1.04 
Black locust:                     Predicted Biomass= (6.46+2.09 * DBH) * 1.06 
 
The model fit well with the coefficients of determination (R2) equaling 0.9685 and 0.9304 for 
American sycamore and black locust, respectively.  With the absolute measure of fit (RMSE) of 
0.19532 for American sycamore and 0.22895 for black locust.  
 
No significant difference was found in the individual stem predicted biomass for species, 
treatment, or treatment*species (α=0.05). Mean American sycamore predicted individual stem 
biomass was 6.37 Kg per stem, and 5.34 Kg for black locust (Figure 3.5).  Trends in mean values 
among treatment were similar to the pattern for height and DBH.  Fertilized plots had individual 
tree biomass of 7.99 Kg per stem followed by the control plots at 6.87 Kg, irrigation at 4.72, and 
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irrigation plus fertilizer at 3.84 Kg. The per hectare predicted biomass (Figure 3.6) shows a 
significant effect at the species level (α=0.05, P>0.0034), but there was no significant effect on 
treatment or treatment*species.  On the species level the mean predicted biomass ha-1 for 
American sycamore was 16,184 Kg ha-1, and 5,162 Kg ha-1 for black locust.  Ranking of means 
for predicted biomass ha-1 resulted in a different order than for height, DBH, and individual 
biomass, in that fertilizer plots 15,367 Kg ha-1, followed by the irrigation plots at 10,770 Kg ha-1, 
control plots 10,006 Kg ha-1, and irrigation plus fertilizer plots at 6,548 Kg ha-1. 
 
Discussion 
Density 
The establishment planting densities ranged from 1,615-2,476 trees per ha-1 for American 
sycamore and 1,453-3,284 trees per ha-1 for black locust for all treatment combinations.  After 
eight growing seasons American sycamore density was 2,422-3,480 trees per ha-1 showing an 
increase from establishment, while black locust showed and a decrease to 879-1,202 trees per  
ha-1.  Volunteer stems may be accredited for the increased density of American sycamore stems 
within the plots.  American sycamore is a common species found on surface mines in Appalachia 
that is seldom planted. According to Burns and Honkala (1990), American sycamore produce a 
seed ball that is composed of tens of thousands of individual seeds. As a seed ball drop from the 
tree it breaks up and the individual seeds are released. Hairs on the seeds act as a parachute and 
allow for rapid dispersal by wind.  Several birds also feed on the seeds and act as a potential 
avenue for dispersal. Moreover, sycamore thrives on poorly drained soils that are common on 
mined landscapes. As such, American sycamore is often one of the first native trees seen to 
naturally colonize mined lands.  
 
The 2014-2015 Kentucky Department of Fish and Wildlife Resources Elk Report showed an 
estimated herd size of approximately 9,000 in 2008.  The elk (Cervus canadensis) restoration 
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zone covers 16 counties in the southeast region of the state (approximately 4.1 million acres) 
(Crank 2014).  The Starfire mine in hazard is within the restoration zone boundaries.  During the 
establishment of this experiment, and after the first growing season, the decreased density of 
black locust was attributed to heavy browse from elk (Brinks et al. 2011).  Elk were observed 
near and within the boundaries of the experimental plots during the 2016 inventory and sampling 
on multiple occasions.  Herbivory from elk may have contributed to the significant difference in 
height growth between species, bushy growth without apical meristems were observed on 
numerous black locust stems.  Other black locust stems showed signs of rubs from antlered 
ungulates, some of which had been broken just above the root collar.  This was not the case for 
American sycamore stems, which had no observable signs of ungulate damage creating poor 
growth form. 
 
 Foresters who plant native, bareroot, hardwood seedlings by hand on undisturbed soils target an 
average survival rate of 70% (Angel et al. 2009).  Herbivory is one of the more common risks that 
must be considered in artificial tree regeneration.  Insect damage from boring insects like the 
common locust borer (Megacyllene robiniae), the locust leaf miner (Odontota dorsalis), and the 
black locust gall midge (Obolodiplosis robiniae) all inflict physical damage to woody species.  
They introduce disease, a heart rot fungus (Fomes rimosus) that can enter though wounds caused 
by insects (Straker et al. 2015).  Some risks may be mitigated, herbivory can be controlled 
through exclusion measures.  These measures include tree protectors for ungulates and small 
mammals, to fencing for ungulate exclusion.  The latter may not be economically feasible.  Black 
locust and white oak survival showed a positive correlation with increased exclusion treatments 
in a recent study in Breathitt County, Kentucky.  Black locust had a survival rate of 73.1% with 
no exclusion, 80.3% with tree protectors, and 81.7% full exclusion (tree protector and eight-foot 
fencing).   White oak had similar results with 68.2%, 80.5%, and 80.5% respectively (Hackworth 
et al. 2018).  In 2005 a study in Kanawha County, West Virginia at the Samples mine examined 
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the effects of different soil treatments involving weathered brown and un-weathered grey 
sandstone on survival and growth of eleven hardwood species.  The results in survival after eight 
years concluded an average experimental survival rate of 65.5%, black locust had a 100% 
survival rate while black cherry had the lowest rate at 11% (Wilson-Kokes et al. 2014).   
 
Growth and Biomass Accumulation 
The species level data shows American sycamore mean height growth at two meters greater than 
black locust, this may be partly attributed to herbivory from elk.  Both species have relatively 
high growth rates on poor, marginal, and good quality sites.  Research quantifying growth near 
eight growing seasons is limited, most research quantifies growth one to three years after 
establishment and beyond 15 years (Meigroet et al. 1993; Torreano and Frederick 1988; Wade et 
al. 1985).  However, the effects of silvicultural treatments such as fertilization, irrigation, and 
spacing are varied.  At the treatment level American sycamore and black locust showed no 
significant differences in height, both had higher mean heights in the fertilizer treatments.  
American sycamore showed an anomalous variability in height, DBH, and biomass accumulation, 
that may be attributed to volunteer stems, differences in soil quality, or levels of competition from 
other species of legumes and shrubs such as autumn olive and blackberry. 
 
When comparing the growth trends from the second growing season after establishment of this 
experiment to the data from 2016, trends have deviated.  In 2009 American sycamore height and 
DBH was significantly greater in fertilized treatments, while only height was significantly greater 
for black locust in fertilized treatments.  Per stem American sycamore biomass accumulation was 
only significant for fertilized plots at the species*treatment level.  The results from the 2016 data 
show a significant difference for American sycamore height at the species level but not for 
treatment.  There were no significant differences for DBH across species or treatment.  There 
were no significant differences in individual stem biomass for species, treatment, or 
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species*treatment.  Referring to the objectives of this study, height and DBH in American 
sycamore and black locust from two years of intensive management within and across treatment 
types (CON, F, I, IF) are not apparent after eight growing seasons.  Mean height in 2016 between 
the two-species resulted in 5.7±1.09m for American sycamore and 3.7±0.21m for black locust, 
with American sycamore being significantly greater in height.  Heights of seven-year-old 
American sycamore in a study from (Coyle et al. 2013) after yearly fertilization and irrigation 
reached 15.5m.  This study and the Coyle et al. 2013 study showed contrasting results, this study 
had the lowest American sycamore heights in the irrigation and fertilization, while that treatment 
yielded the greatest heights in the Coyle et al. (2013) study, these contrasting results are likely 
due to the frequency of irrigation and fertilizer treatments, as well as the pest control measures 
used on all treatments, and understory vegetation was controlled completely with herbicides to 
eliminate plant competition.  The researchers found the greatest biomass accumulation of 
American sycamore (9.4 Mg ha-1) in plots that received both fertilizer and irrigation treatments.  
In this study the fertilizer and irrigation treatment yielded the lowest amount of biomass 
accumulation (6.5 Mg ha-1). after eight growing seasons, while the fertilizer plots yielded biomass 
accumulation of (15.3 Mg ha-1). As noted in Brinks et al. (2010) irrigation may have had a 
negative effect on initial growth as the plots were watered with quantities that greatly exceeded 
the transpiration demand in a time with ample precipitation.   
 
Conclusion 
This study analyzed the eight-year performance of two feedstock species to four intensities of 
initial nutrient and water enrichment on a surface mine in Eastern Kentucky.  In conjunction with 
the current knowledge of silviculture treatments and the results of this study recommendations for 
future studies and management plans need to be proactive in proper assessment of species 
selection for establishment, timing and quantities of soil amendments of fertilizer, irrigation, or a 
combination of the two.  The need for continued fertilization can potentially be reduced with 
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greater efforts on competition control, although the tradeoff of fertilization and irrigation for 
herbicide and the expense of labor may not be feasible.   Once canopy closure occurs shade 
intolerant species will naturally decrease.  Although the effects of competition were not tested, 
there is a need for future studies to incorporate a method for testing growth performance and 
levels of competition control in biomass plantations into the study design.   The performance of 
the species in this study may have benefitted from continued competition control (Figure 3.7) to 
increase resource availability for biomass accumulation.  Overall this study shows that American 
sycamore and black locust to a lesser extent can survive and grow for eight growing seasons.  
This is important because the current understanding is that biomass plantations can be harvested 
approximately within ten years of establishment (Coyle et al. 2015), and that subsequent harvests 
tend to have higher yields in shorter rotation periods due to established root systems and increases 
to organic material for supplementing nutrient requirements of the feedstock species . 
 
Appalachia’s coal dependence is increasingly scrutinized due to the negative impacts from 
extraction.  These negative impacts include degraded environmental conditions, human health, 
reductions in commerce activities, and populations edified in one employment type.  
Sustainability and economic growth have the potential to extricate the negative impacts from coal 
extraction in Appalachia and abroad.  Including management plans for biomass production on 
mined land diversifies land use, can mitigate the negative impacts from coal extraction.  Biomass 
plantations restore commerce activity similar to mining operations, allowing the work force to 
utilize skills already in their knowledge base and to expand that base through relevant 
technologies and procedures.  The local work forces skill set has key knowledge of how the local 
culture operates and operating in that type of environment.  Results of this study suggests that 
establishing biomass plantations on mined lands in Appalachia are feasible and plantations can 
survive through eight growing seasons.  With species selection in mind and awareness of nutrient 
and water requirements a management plan may likely meet the set objectives and produce 
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biomass in a sustainable manner that is beneficial for the community and the environment that 
was degraded from coal extraction.  In this mono-culture type study American sycamore 
performed better than black locust in growth, biomass accumulation, and changes in density.  
From this study the recommendation for species suitability would include American sycamore.  
Black locust showed how environmental constraints such as herbivory can reduce total dry above 
ground biomass. 
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Chapter Three Tables 
 
 
Table 3.1: Mean height (m) and diameter at breast height (mm) across all sampling years 
with standard error.  Irrigation (I), irrigation and fertilizer (IF), fertilizer (F), control 
(CON). 
Species Treatment Height 
2009              2016 
DBH 
2009             2016 
Sycamore ALL 1.15±0.118t 5.7±1.09A 20.25±1.75t 49.6±9.64A 
Locust ALL 0.96±0.106t 3.7±0.21 14.5±0.97t 39.4±4.3 
Sycamore CON 1.00±0.155bt 5.60±1.36a 18.8±2.8at 50.2±10.98a 
 F 1.68±0.037at 7.29±2.06a 31.6±1.4bt 61.4±18.6a 
 I 0.79±0.094bt 5.14±0.7a 14.1±1.9at 44.8±6.16a 
 IF 1.14±0.189abt 4.79±0.24a 16.5±0.9at 42.3±2.85a 
      
Locust CON 0.83±0.081bt 4.25±0.09a 13.1±0.3at 47.4±5.22a 
 F 1.22±0.134abt 3.98±0.41a 17.8±0.1at 41.5±8.66a 
 I 0.89±0.079bt 3.67±0.04a 14.5±1.6at 38.6±0.61a 
 IF 0.89±0.131bt 3.11±0.33a 12.8±1.9at 30.4±3.25a 
t Significance was adapted from (Brinks 2011) and only reflect 2009 column data. 
Significance is denoted by upper case letters for species effect and lower-case letters for 
treatment effect (p<0.05; n=3) within years. 
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Table 3.2: Least squares fit model showing the intercept (B0), the constant log DBH (B1), 
Baskerville Correction Factor (BCF), coefficient of determination (R2), and the absolute 
measure of fit (RMSE) for both species. 
Species B0 B1 BCF R2 RMSE 
Sycamore -6.2478 2.0130 1.04 0.9685 0.19532 
Locust -6.406 2.0919 1.06 0.9304 0.22895 
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Chapter Three Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1:  Study plot design showing color coded Control, Fertilizer, 
Irrigation, and Irrigation/Fertilizer plot locations, an additional half control plot 
was established due to a miss planting. The original plot boundaries were re-
established in 2016. 
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Figure 3.2:  Diagram showing the individual 0.21 ha plots. The dark grey 
blocks are 0.02 ha measurement sub-plots, with four 0.008 ha light grey blocks 
used for the original destructive samples.  
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Figure 3.7: Photograph of competing vegetation within a black locust 
plot with two technicians standing to more clearly show the density of 
that vegetation 
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Chapter Four: American Chestnut Restoration 
Introduction 
The use of surface mines for American chestnut reestablishment is gaining acceptance as 
numerous successful reforestation projects using native hardwoods, following the Forestry 
Reclamation Approach (FRA), have been demonstrated on mine lands across Appalachia. The 
efforts from TACF in returning the American chestnut to its native range presents a great 
opportunity for research trials on the re-establishment of chestnuts on mined land in Appalachia.   
By utilizing mined land restoration of the chestnut will also assist in reforesting previously 
forested areas in Appalachia.  TACF is committed to the long-term restoration of this valuable 
species, the breeding program used survivor trees located during the earlier attempts at breeding 
in resistance to the blight.  In the late 1980’s TACF began its current breeding methods.  As 
planting stock became available research on the optimal management for survival and growth 
intensified on mined land in Appalachia.  Studies have examined and evaluated survival and 
growth of the different backcrossed lineages, using many silviculture techniques, these include 
soil compaction, spoil type, utilization of fertilizer treatments, tree shelters, and bareroot and seed 
planting stocks (Barton et al. 2015, Bauman et al. 2014, Skousen et al. 2018).  Each study assists 
in developing the next study, increasing the efficacy of restoring the American chestnut. 
 
TACF’s breeding program begins with crossing a pure American chestnut and a pure Chinese 
chestnut, creating a hybrid that is 50% American termed F1 generation.  The first backcross with a 
pure American produces trees that are 75% American and termed B1 generation, the second 
backcross with a pure American produces trees that are approximately 87% American and termed 
B2 generation, the third backcross with a pure American produces trees that are approximately 
94% American and termed B3 generation.  The first intercross of the B3 generation remain at 94% 
American and are termed B3F2 generation, the second intercross with the B3F2 generation 
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produces the B3F3 generation (Figure 4.1).  At each stage of the breeding program the trees get 
inoculated with the blight, only trees with the highest levels of resistance and phenological traits 
of the American chestnut are used for subsequent breeding, with the goal of reestablishing the 
species presence in its native range   This study evaluates five lineages of chestnut two pure and 
three backcrossed lineages  
 
With the American Chestnut Foundations breeding program backcrossed lineages can be cross 
referenced to multiple articles, potentially leading to a pattern of survivorship and growth for a 
backcrossed lineage in a specific region and/or specific silvicultural prescription. Bauman et al. 
(2014) examined the effects of soil treatments (RPD ripped + plowed and disked, R ripped, PD 
plowed and disked, and C control) in central Ohio on the growth and survival of three Castanea 
lineages (pure American, B1F3, and B2F3), and found that the backcross lineages had higher 
survival, the B2F3 was significantly higher (P > 0.0001) than the American and the B1F3,but did 
not out preform the pure American in height and diameter growth.  They also found a significant 
increase in the study wide survival, and growth, with the RPD and R treatments.  Other studies 
have quantified successes and failures of multiple backcrosses of Castanea specifically on mined 
land in Appalachia (Barton et al. 2015: Clark et al. 2016), which foster new strategies and 
techniques for improving the perpetuation of this species. The use of tree shelters for improving 
chestnut restoration success in eastern Kentucky was examined by (Barton et al. 2015) and their 
results showed a germination range of 77±15 to 84±12 on direct seeded sheltered plots while 
unsheltered plots exhibited a germination range of 1±2 to 12±13.  A study from three sites across 
central Appalachia (Clark et al. 2016) tested the effects of nursery seedling size class, the survival 
and growth of seedling size class signiﬁcantly affected 4-year survival.  The seedling size class 
was divided by large and small based mainly on root collar diameter.  The small size class 
seedlings had higher survival 82 ± 2% than large size class seedlings 77 ± 2%.  Family effects 
(pure American, pure Chinese, and BC3F3) on survival were not signiﬁcant in any year.   
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Other current research examined chestnut establishment on mined land in Eastern Kentucky to 
assess factors controlling survival and growth (French 2017).  Significant differences were found 
in lineage (4 lines of pure American chestnut) survival and growth, and no significant differences 
between the three spoil types (brown weathered sandstone, gray un-weathered sandstone, and a 
mix of brown weathered sandstone, gray un-weathered sandstone, and shales) in survival after 
two growing seasons.  Differences were seen in growth with average height in the brown soil 
matrix being 46.6cm, gray 25.0cm, and mixed 32.9cm.  The use of tree shelters has shown 
increased survival and growth for the chestnut, in some cases the increase from tree shelters was 
greater than 10% for the pure and backcrossed genotypes (Skousen et al. 2018).   Previous 
research from Barton et al. (2015) found significantly increased germination of sheltered planting 
stock over non-sheltered stock.  Although these studies advance our knowledge for American 
chestnut restoration, more research is needed, this study addresses this by examining methods that 
specifically address growth and survival on Appalachian mined land with different genotypes of 
chestnut, as well as stock types of each of the selected genotypes over eight growing seasons.. 
 
The objective of this experiment was to 1) evaluate survival and growth of five chestnut 
genotypes (pure American, pure Chinese, B1F3, B2F3, and B3F2) after eight growing seasons, 
planted on a surface mine in eastern Kentucky, and 2) examine whether planting from seed versus 
bareroot seedlings can improve reforestation success.  This type of research is imperative for the 
survival of a native species that was ecologically and economically important for the Appalachian 
region, as well as providing the framework for restoration of other imperiled species such as the 
American elm, ash, and the Eastern hemlock.  A successful restoration can provide valuable 
timber, mast, habitat, and increased diversity. 
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Experimental Design and Methods 
Study Site 
The study site is located on Bent Mountain in Pike County, Kentucky.  The site is in the 
Cumberland Plateau physio-geographic region, formed by resistant Pennsylvanian-aged 
sandstones (KGS 2012).  The region is classified as temperate humid continental with four 
distinct seasons.  With an annual high temperature of 26.1oC, the annual low is 3.3oC, with an 
average temperature of 12.85oC.  The average somewhat evenly distributed annual precipitation is 
120cm, with 33cm as snowfall as reported for the eastern climate division in Kentucky (NOAA 
2018).   
 
Study Establishment 
The establishment of this study followed FRA guidelines, a method that has been shown to 
increase growth and survival of native hardwood species.  The spoil preparation method used on 
the experimental area was composed of approximately 2.5m of loose dumped spoil that was 
lightly graded with one pass of a D-9 bulldozer to limit compaction, ground cover was not 
established on the newly placed spoil material to minimize the effect of competing vegetation on 
the chestnut trees.   
 
The experimental site was established in 2009 and consisted of thirty 9.1m by 9.1m plots (Figure 
4.2).  Each plot was planted with thirty bareroot 1-0 seedlings or seeds of one of the five 
genotypes (pure American, pure Chinese, B1F3, B2F3, and B3F2). One-half a liter of Scotts® 
general planting medium was added to each hole that was direct seeded. A chestnut was planted 
in the potting medium and covered with a thin layer of mine spoil. For both seed and seedlings, a 
forty-five cm solid wall tree protector was installed.   Each plot type was replicated three times.  
The experimental design is a 2x5 full factorial complete randomized design.   
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Field Methodology 
The materials used for the census of the experimental plots included flagging for plot boundaries, 
height measuring pole (cm), handheld digital calipers (mm), and data sheets. Plot boundaries 
were reestablished in 2017 using flagging and the plot layout map for the experiment. All seeds 
and seedlings had the tree protectors permanently removed during the 2017 measurements.  
Diameters at DBH were taken from two perpendicular points then averaged if the stem was 
greater than or equal to 137cm.  The heights were measured in cm from the root collar to the end 
of the dominate stem.    The data from inventories of years 2009-2011 were acquired and added 
to the inventory data from 2017.  All data sets for the inventory years included height and 
survival, the 2009-2011 data did not include diameter. 
 
Soil samples were taken in August of 2018.  The composite soil samples consisted of three spades 
full of soil taken from random points within each of the thirty plots.  For each plot the soil 
collected was sieved (1cm mesh) to eliminate larger rocks.  The samples were then mixed in a 
plastic container and approximately one-half liter of soil was placed into a four-liter plastic 
sample bag and labeled by the plot designation.  
 
Laboratory Measurements 
Soil samples were analyzed for pH and electrical conductivity (EC) in the laboratory at the 
University of Kentucky.  The soil samples were opened and allowed to air dry for one week.  The 
soil samples were mixed a second time, approximately twenty grams of soil were measured out 
on a scale and placed in a beaker.  Twenty milliliters of deionized H2O were then added to the 
soil samples and mixed thoroughly.  A Yellow Springs Instruments (556 multi-parameter) probe 
was calibrated to a standard pH scale and inserted into the 1:1 slurry and allowed to stabilize for 
the pH measurement.  Immediately following the pH measurement, the soil/H2O solution was  
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increased to a ratio of 1g soil: 5 mL H2O to measure EC in micro Siemens per centimeter 
(uS/cm).  The probe was cleaned following each of the thirty soil samples to prevent bias due to 
cross contamination.   
 
Statistical Analysis 
Tree survival and total height were analyzed using ANOVA with the following factors: 1) 
genotype (pure American, pure Chinese, B1F3, B2F3, and B3F2) 2) planting stock type (1-0 bare 
root seedling or a seed origin) and 3) genotype and stock type interaction.  PH and EC data were 
used as site descriptors, but not covariates in the ANOVA model.  Mean survival by plot was 
analyzed using a Generalized Linear Model (GENMOD) in SAS 9.3 (SAS 2010) and survival 
was calculated for each of the inventory years (2009, 2010, 2011, and 2017) by dividing the 
number alive by the number planted in each plot.  The inventory data was used to model survival 
as the binomial response (r/n) with a logit link function and a type 3 test, by genotype, 1-0 bare 
root seedling or a seed, and the interaction of the two.  The analysis of variance (ANOVA) (α = 
0.05) and the Tukey’s post-hoc test was utilized to test for differences in the means for genotype, 
1-0 bare root seedling or a seed, and the interaction of the two.   
 
The mean and standard error for the height was calculated by plot, treatment, and species using 
the means procedure (SAS 2010).  A general linear model (SAS 2010) was utilized to analyze the 
above-mentioned dependent variable and the factors, genotype, 1-0 bare root or seed, and the 
interaction.  ANOVA (α = 0.05) and the Tukey’s post-hoc test was utilized to test for differences 
in the height means for genotype, 1-0 bare root or seed, and the interaction. 
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Results 
Electrical Conductivity and pH 
The pH from the thirty experimental plots ranged from 6.5 to 7.7, with a mean of 7.1, and 
standard error of 0.05.  EC ranged from 1.0 to 30.0 (uS/cm), with a mean of 15.5 (uS/cm), and 
standard error of 1.6.  No identifiable gradient was found between soil pH and/or EC with respect 
to the layout of the experimental plots.  Therefore, pH and EC were not used as potential 
covariates in the height and survival models. 
 
 Survival 
The 2009 results for survival were significant at (α=0.05, p>0.0001) for genotype, stock type, and 
the interaction.  The data shows the Chinese genotype had the highest significant mean plot 
survival at 61.1% ± 15.1, followed by American 48.8% ± 18.1 at (α=0.05, p=0.0259), B1F3  47.2% 
± 9.4 at (α=0.05, p=0.0041), B3F2 40.5% ± 10.6 at (α=0.05, p>0.0001) , and B2F3 at (α=0.05, 
p>0.0001) with the lowest mean plot survival at 38.8 ± 7.5 (Figure 4.3).  Survival for bare root 
stock of all genotypes was 72.2% ± 4.8 showing significantly greater survival at (α=0.05, 
p>0.0001), with seed stock survival at 22.4% ± 3.6.   
 
The interaction of genotype*bare root shows Chinese bare root survival at 94.4% ± 2.9 (Table 
4.1), this was significantly greater than three of the interactions between the bare root stock types, 
B1F3 bare root at (α=0.05, p=0.0005), B2F3 bare root at (α=0.05, p<0.0001), and B3F2 bare root 
(α=0.05, p=0.0001).  American bare root survival was 88.8% ± 5.8 and was not significantly 
different then Chinese bare root.  American bare root had significantly greater survival than the 
three backcrosses showing B1F3 bare root at (α=0.05, p=0.0082), B2F3 bare root at (α=0.05, 
p<0.0001), and B3F2 bare root (α=0.05, p=0.0019).  The B1F3 bare root survival was 64.4% ± 6.1, 
B3F2 bare root survival was 61.1% ± 1.1, and B2F3 bare root survival was 52.2% ± 5.8, the three 
backcrosses did not show significantly greater survival for the bare root interactions.  The 
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interaction of genotype*seed shows B1F3 seed survival at 30.0% ± 10.7, this was significantly 
greater than American seed at (α=0.05, p=0.0021).   The Chinese seed survival was 27.7% ± 4.0 
and did not show significantly greater growth than the four-other genotype*seed interactions.  
The B2F3 seed survival was 25.5% ± 8.6 and did not have significantly greater survival than B3F2 
seed or American seed.  The B3F2 survival was 20.0% ± 10.1 and was not significantly different 
then the lowest survival percentage of 8.8% ± 2.9 for American seed (Table 4.1).  Chinese, 
American, and B3F2 bare root were significantly greater than Chinese seed, American seed, and 
B3F2 seed at (α=0.05, p<0.0001) respectively.   B1F3 bare root at (α=0.05, p=0.0003) was 
significantly greater than B1F3 seed, and the bare root stock of B2F3 was significantly greater than 
B2F3 seed stock at (α=0.05, p=0.0114). 
 
The 2010 results for survival were significant at (α=0.05, p=0.0004) by genotype and (α=0.05, 
p>0.0001) for stock type and the interaction genotype*seed/bare root.  The data shows the 
Chinese genotype had the highest mean plot survival at 52.2% ± 12.3 and had significantly 
greater survival than B3F2 at (α=0.05, p=0.0418) and B2F3 at (α=0.05, p=0.0004).  Followed by 
B1F3 45.0% ± 7.4 and had significantly greater survival than B2F3 at (α=0.05, p=0.0260). 
American survival was 44.4% ± 17.0, B3F2 survival was 39.4% ± 12.0, and B2F3 at the lowest 
mean plot survival at 30.5% ± 6.3 (Figure 4.4).  Survival for bare root stock of all genotypes was 
65.1% ± 4.1 and significantly greater (α=0.05, p<0.0001) than seed stock at 19.5% ± 3.5.   
 
The interaction of genotype*bare root shows American bare root survival at 82.2% ± 4.0, this was 
significantly greater than two of the interactions between the bare root stock types, B1F3 bare root 
at (α=0.05, p=0.0107) and B2F3 bare root at (α=0.05, p<0.0001).  Chinese bare root survival was 
78.8% ± 5.5 and showed significantly greater survival than B2F3 bare root at (α=0.05, p<0.0001).  
The B3F2 bare root survival was 64.4% ± 5.8, B1F3 bare root survival was 56.6% ± 1.9, and B2F3 
bare root survival was 43.3% ± 3.8 and did not have significantly greater survival for any 
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interactions (Table 4.1).  The interaction of genotype*seed shows B1F3 seed survival at 33.3% ± 
11.7, this was significantly greater than American seed survival 6.6% ± 1.9 (α=0.05, p=0.0019).   
The Chinese seed survival was 25.5% ± 4.0 and did show significantly greater growth than 
American seed at (α=0.05, p=0.0415).  The B2F3 seed survival was 17.7% ± 4.8 and did not have 
significantly greater survival than B3F2 seed or American seed.  The B3F2 survival was 14.4% ± 
7.7 and was not significantly different then the lowest survival for American seed (Table 4.1). 
Chinese, American, and B3F2 bare root were significantly greater than Chinese seed, American 
seed, and B3F2 seed at (α=0.05, p<0.0001) respectively, the bare root stock of B2F3 was 
significantly greater than B2F3 seed stock at (α=0.05, p=0.0107). 
 
The 2011 results for survival were significant at (α=0.05, p>0.0001) for genotype, stock type, and 
the interaction.  The data shows the Chinese genotype had the highest mean plot survival at 
52.7% ± 12.1 and had significantly greater survival than American 41.1 ± 17.0 at (α=0.05, 
p=0.0112), B3F2 39.4% ± 10.2 (α=0.05, p=0.0462), and B2F3 28.3% ± 6.1 at (α=0.05, p>0.0001). 
Survival for B1F3 was 42.2% ± 7.38 and was significantly greater (α=0.05, p=0.0462) in survival 
compared to B2F3 with the lowest mean plot survival (Figure 4.5).  Survival for bare root stock of 
all genotypes was 61.7% ± 4.6 and was significantly greater (α=0.05, p<0.0001) than seed stock 
at 19.7% ± 3.8.   
 
The interaction of genotype*bare root shows Chinese bare root survival at 80.0% ± 0.0, this was 
significantly greater than two of the interactions between the bare root stock types, B1F3 bare root 
51.1% ± 5.8 at (α=0.05, p=0.0028) and B2F3 bare root 38.8% ± 7.7 at (α=0.05, p<0.0001).  
American bare root survival was 78.8% ± 4.0 and showed significantly greater survival than B2F3 
bare root at (α=0.05, p=0.0052) and B2F3 bare root at (α=0.05, p<0.0001).  The B3F2 bare root 
survival was 60.0% ± 3.8 and was not significant (Table 4.1).  The interaction of genotype*seed 
shows B1F3 seed survival at 33.3% ± 12.6 this was significant compared to American seed 
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survival 3.3% ± 1.9.   Chinese seed survival was 25.5% ± 1.1 and was significantly greater than 
American seed survival at (α=0.05, p=0.0110).  The B3F2 survival was 18.8% ± 9.4, B2F3 seed 
survival was 17.7% ± 4.0 and did not show significantly greater survival (Table 4.1). Chinese, 
American, and B3F2 bare root were significantly greater than Chinese seed, American seed, and 
B3F2 seed at (α=0.05, p<0.0001) respectively 
 
The 2017 data for survival was significant at (α=0.05, p=0.0120) by genotype and (α=0.05, 
p>0.0001) for stock type, and the interaction genotype*seed/bare root at (α=0.05, p=0.0120).  the 
Chinese genotype had the highest mean survival at 32.2% ± 8.7 and was significantly greater in 
survival (α=0.05, p=0.0229) compared to B2F3 at the lowest mean survival at 18.3% ± 6.1. 
American survival was 27.2% ± 12.5, B2F3 survival was 24.4% ± 7.9, and   B1F3 survival was 
22.2% ± 5.5, with no significantly greater growth (Figure 4.6).  Survival for bare root stock of all 
genotypes was 39.7% ± 4.0 and was significant at (α=0.05, p>0.0001) compared to seed stock 
with 10.0% ± 2.6 survival.   
 
The interaction of genotype*bare root shows American bare root survival at 52.2% ± 12.81, 
followed by Chinese bare root at 47.7% ± 10.5, B3F2 bare root at 41.1% ± 4.4, B2F3 bare root at 
30.0% ± 6.9, and B1F3 bare root at 27.7% ± 2.9, having a significantly lower survival than 
American bare root at (α=0.05, p=0.0323) (Table 4.1).  The interaction of genotype*seed shows 
Chinese seed survival at 16.6% ± 5.0, B1F3 at 16.6% ± 10.7, B3F2 at 7.7% ± 4.0, B2F3 at 6.6% ± 
1.9, and American seed at 2.2% ± 1.1, with no significant differences for the interaction of 
genotype*seed (Table 4.1). Chinese bare root was significantly greater than Chinese seed at 
(α=0.05, p=0.0007).  American and B3F2 bare root were significantly greater than American seed 
and B3F2 seed at (α=0.05, p<0.0001) respectively.  The bare root stock of B2F3 was significantly 
greater than B2F3 seed stock at (α=0.05, p=0.0075). 
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Growth 
The ANOVA model for total height in 2009 was significant at (α=0.05 p=0.0002) for genotype, 
(α=0.05 p <0.0001) for stock type, and (α=0.05 p <0.0016) for the interaction of genotype and 
stock type.  The Chinese genotype mean height was 62.6 ± 9.7cm and shows a significantly 
greater height followed in descending order by B3F2 44.2 ± 5.9cm at (α=0.05 p=0.0060), 
American 42.0 ± 10.3cm at (α=0.05 p=0.0002), B2F3 41.5 ± 4.0cm at (α=0.05 p=0.0020), and 
B1F3 with the lowest mean height at 34.9 ± 3.5cm at (α=0.05 p <0.0001) (Figure 4.7).  Bare root 
seedlings mean height was 57.2 ± 4.4cm, and the seed stock was 32.0 ± 2.8cm.   
 
When looking at the interaction of genotype*bare root the Chinese*bare root (Table 4.2) mean 
height of 83.7 ± 4.1cm had significantly greater height growth then the three-backcross 
genotype*bare root combinations.  The Chinese*bare root was followed by American*bare root 
with a mean height of 64.60 ± 2.3cm, B3F2 50.0 ± 8.6cm at (α=0.05 p=0.0019), B2F3 45.9 ± 1.6cm 
at (α=0.05 p=0.0005), and B1F3 with the lowest mean height at 42.2 ± 0.7cm at (α=0.05 p 
=0.0002).  The interaction of genotype*seed shows no significant interactions.  The greatest 
height growth was seen in Chinese*seed with 41.4 ± 3,6cm, followed in descending order by 
B2F3 37.1 ± 7.6cm, B3F2 35.5 ± 0.2cm, B1F3 27.7 ± 3.1cm, and American*seed at 19.5 ± 4.8cm 
(Table 4.2).  Pure Chinese and American bare root had significantly (α=0.05 p<0.0001) greater 
height compared to the Pure Chinese and American seed stock. 
 
The ANOVA model for total height in 2010 was significant at (α=0.05 p<0.0001) for seed or bare 
root stock type.  There were no significant differences for genotype or the interaction of genotype 
and stock type.  The Chinese genotype mean height was 77.3 ± 9.7cm and is followed in 
descending order by B2F3, American, B3F2, and B1F3 with the lowest mean height at 56.6 ± 8.4cm 
(Figure 4.8).  Bare root seedlings (87.9 ± 3.7cm) were significantly taller than seedlings resulting 
from direct seeding (50.2 ± 4.4cm). 
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The ANOVA model for total height in 2011 was significant for seed or bare root stock type at 
(α=0.05 p =0.0018), no significance was found in genotype or the interaction of 
genotype*seed/bare root.  Total height growth shows the B2F3 genotype a mean height of 
89.9±9.6 cm, followed in descending order by American, Chinese, B3F2, and B1F3 with the lowest 
mean height at 70.7 ± 8.9cm (Figure 4.9). Bare root seedlings mean height was 57.2 ± 4.1cm, and 
seed origin trees were significantly smaller, on average 32.0 ± 7.0cm,  
 
The ANOVA model for the 2017 data was not significant for genotype, seed or bare root stock 
type, or the interaction genotype*seed/bare root.  Total height growth eight years after 
establishment in 2017for genotype effect shows the American genotype mean height at 
173.3±29.32cm and followed in descending order by B2F3, B3F2, B1F3, Chinese, and B3F2 with the 
lowest mean height at 143.6 ± 70.3cm (Figure 4.10).  A significant difference was not found with 
the seed or bare root factor, bare root seedling mean height was 153.1 ± 9.3cm, and the seed stock 
was 174.5 ± 12.8cm (Table 4.2). 
 
Discussion 
Survival 
Each subsequent inventory following the initial inventory shows a decreasing percent survival 
across the five genotypes, and seedling stock types.  By genotype Chinese performed better than 
the other four genotypes for all years calculated, after eight growing seasons the Chinese 
genotype had 5.0% greater survival than the next best performance from the pure American.  Pure 
American having greater survival then the backcrossed genotypes may be attributed to TACFs 
breeding program, as American seed sources are from trees that had a resilience to the blight.  
Less than 25% of all three backcross genotypes survived after eight growing seasons.  When 
looking at the seed or bare root stock type the bare root seedlings maintained a higher survival 
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rate by approximately 30% after eight years.  There were no significant interactions for 2017 
survival.  Seed stock for all genotypes showed poor results for survival.  The Chinese and the 
B1F3 genotype seed stock had the highest survival at 16.6%, with all three backcross seeds at less 
than 7.7%.   
 
The low survival across the experiment is believed to have occurred for several reasons.  Lack of 
germination of the seed stock lead to the initial high mortality, and likely not a result of high 
predation as tree shelters were used and still in place around the trees.  The tree protectors used as 
a preventative measure to decrease predatory influences have been proven effective in past 
studies (Barton et al. 2015, Hackworth et al. 2018 and Skousen et al. 2018).  Signs of the chestnut 
blight were observed on multiple stems for all genotypes (Figure 4.11), this is believed to have 
also contributed to low survival across the experiment.  The solid walled tree protectors that were 
present during the 2017 inventory were removed, observations after removal showed built-up 
debris around the boles of the trees as well as extremely moist conditions inside the protectors 
(Figure 4.12).  The humid microclimate and built-up debris was a potential catalyst for blight 
incidence in the study.  The potential for creating conditions conducive to colonization of the 
blight by the solid wall tree protectors may have been mitigated by removing the protectors after 
the trees grow beyond the protection from the shelters.   
 
Compared to the previously mentioned studies, survival rates of this study were considerably 
lower.  Soil chemistry may have partially attributed to the increased mortality as the soils used in 
this study were neutral to slightly alkaline, whereas American chestnuts prefer slightly acidic 
soils.  Approximately 70% survival from three genotypes of chestnut was found from a study in 
central Ohio on mined land (Bauman et al. 2014).  Their study looked at different soil treatment 
(RPD ripped + plowed and disked, R ripped, PD plowed and disked, and C control) effects on 
growth and survival.  Their study had soil pH values between five and six, much lower than this 
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study pH values.  The increased survival seen in that study may have been attributed to the lower 
pH values.  Historically the American chestnut grows on a variety of soils but was not as common 
on soils with higher pH values (Braun 1950, Frothingham 1912, and Paillet 1988).  
 
Growth 
In 2009 the Chinese genotype and the interaction of Chinese*bare root had the greatest significant 
heights.  The significant difference in seed and bare root was logical as the seeds had only been 
planted three months earlier.   The 2010 results showed similar findings in greatest height with 
the Chinese genotype, the interacting Chinese, American, and B2F3 bare root were statistically the 
same.  The seed stock improved for this sample period, but the results show no significant heights 
compared to the bare root stock.  The 2011 results showed no significant differences in genotype 
unlike the previous sample periods.  The bare root stock type continued to show significance for 
greater height than the seed stock type.  The 2017 results showed no significance for the model 
and held that position when looking at genotype.  Signs of die back and resprouts were present in 
the experiment and had a large influence on seedling growth and the trends seen through time in 
seedling survival and total height.   
 
Compared to the previously mentioned studies, growth rates of this study were considerably 
greater and showed increased variability in mean heights.  Skousen (2018) examined growth rates 
after eight growing seasons of the same chestnut genotypes in an experiment in West Virginia 
using different spoil types, the compared results are from the grey sandstone treatments.  The 
seeds and seedlings were sheltered like this experiment however the shelters in Skousen’s study 
were removed after the seedlings outgrew the shelters at approximately one and a half years.  
Seed stock heights in this study showed B1F3 with mean height of 208cm followed by pure 
American at 208cm and decreasing to the mean height of 143cm for B3F2, compared to mean 
height of 84cm for pure Chinese and decreasing to 21cm for B3F2.  Bare root stock growth in this 
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study also showed B2F3 height at 172cm decreasing to 130cm for B1F3, compared to Skousen’s 
study that showed mean bare root heights that reached 80cm for pure Chinese decreasing to 24cm 
for B2F3.  Evidence of die back was present for both experiments but testing for blight incidence 
was not part of either study design.  Bauman et al. (2015) examined the same genotypes 
excluding B3F2 and pure Chinese in an experiment at the Tri-Valley Wildlife Management Area 
in central Ohio, looking at the effects of soil treatments involving a compaction gradient that 
included a control, ripping, plow disking, or the combination of the two methods.  After five 
growing seasons the combination of the two methods proved to be beneficial for growth of 
chestnut seedlings of all genotypes.  The findings show no significant difference in heights, pure 
American mean height was 179.3cm followed by B2F3 at 151.2, and B1F3 at 148.6.  In comparison 
to this experiment B2F3 preformed the greatest and B1F3 preformed the least with pure American 
in the middle. 
 
The results from this study and those mentioned above show the variability involved with 
chestnut restoration studies and indicating that genotypes of the same type can perform better 
with additional silvicultural approaches such as spoil type, use of tree shelters, and edaphic 
conditions that include soil bulk density.  These studies also show that even though die back is 
occurring the growth of the backcross genotypes is increasing in respect to height (Bauman et al. 
2014, Barton et al. 2015, Fields-Johnson et al. 2012, and Skousen et al. 2018).  Continued 
observation and data collection for these experiments may prove a greater performance after the 
chestnuts reach later stages of development, and the experimental plots reach some level of 
equilibrium for species composition and vertical structure. 
 
Conclusion 
Five genotypes (pure American, pure Chinese, B1F3, B2F3, and B3F2) of chestnut planted as 1-0 
bare root seedlings and seed were evaluated for survival and total height development.  This study 
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had significant mortality in the bare root stock and poor germination of direct seeded trees.  The 
factors related to this mortality have not been confirmed by testing for blight incidence, but there 
were signs of blight cankers, die back, and resprouts across the entire site.  Observations of water 
inundation were seen, as well as poor soil substitute that was still pervaded with extremely large 
unweathered boulders creating areas devoid of root growth due to gaps and empty crevasses.   
Future research may benefit from examining slope position of the restoration site, this may lead to 
greater performance of the backcrossed genotypes by alleviating the potential for water 
inundation that occurs at the base of the slope.   In a nearby (approximately 1000 m away) 
American chestnut experiment, P. cinnamomii was diagnosed on dead seedlings and P. cryptogea 
was detected in both spoil and water infiltrated from brown sandstone (Barton et al. 2015), the 
potential for colonization of pathogens and increased mortality from soil pathogens in this study 
is possible.   After examining height growth at eight years this study showed highly variable 
results due to dieback and resprouts.  The low survival and growth rate were attributed to soil 
pathogens, created microclimates from tree protectors, and potentially soil pH.  Continued and 
future studies may benefit from removing the tree protectors after growth reaches a point that the 
protectors no longer serve their purpose.  This study does show that after eight growing seasons 
these genotypes can survive and potentially propagate on its own (Figure 4.13) increasing the 
density of better suited blight resistant genotypes on mined land in Appalachia and the entirety of 
the chestnuts historical range.  
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Chapter Four Tables 
 
 
Table 4.1: Percent chestnut survival for each inventory year by genotype and stock type.  Uppercase letters indicate 
significant differences between genotype by year, while lowercase letters indicate significant differences between 
stock type by year. 
 2009 2010 2011 2017 
 1-0 Seed 1-0 Seed 1-0 Seed 1-0 Seed 
Genotype         
Chinese 94.4±2.9Aa 27.7±4.0 78.8±5.5Aa 25.5±4.0a 80.0Aa 25.5±1.1a 47.7±10.5A 16.6±5.0 
American 88.8±5.8a 8.8±2.9a 82.2±4.0a 6.6±1.9a 78.8±4.0a 3.3±1.9a 52.2±12.8a 2.2±1.1 
B1F3 64.4±6.1 30.0±10.7 56.6±1.9A 33.3±11.7 51.1±5.8A 33.3±12.6 27.7±2.9 16.6±10.7 
B2F3 52.2±5.8 25.5±8.6 43.3±3.8 17.7±4.8 38.8±7.7 17.7±4.0 30.0±6.9 6.6±1.9 
B3F2 61.1±6.1 20.0±10.1 64.4±5.8 14.4±7.7 60.0±3.8a 18.8±9.4 41.1±4.4 7.7±4.0 
*A significant interaction was present between genotype and 1-0 bare root or seed for each inventory year. 
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Table 4.2: Mean chestnut height for each inventory year by genotype and stock type.  Uppercase letters indicate 
significant differences between genotype by year, while lowercase letters indicate significant differences between 
stock type by year. 
 2009 2010 2011 2017 
 1-0 Seed 1-0 Seed 1-0 Seed 1-0 Seed 
Genotype         
Chinese 94.4±2.9Aa 27.7±4.0 78.8±5.5Aa 25.5±4.0a 80.0Aa 25.5±1.1a 47.7±10.5A 16.6±5.0 
American 88.8±5.8a 8.8±2.9a 82.2±4.0a 6.6±1.9a 78.8±4.0a 3.3±1.9a 52.2±12.8a 2.2±1.1 
B1F3 64.4±6.1 30.0±10.7 56.6±1.9A 33.3±11.7 51.1±5.8A 33.3±12.6 27.7±2.9 16.6±10.7 
B2F3 52.2±5.8 25.5±8.6 43.3±3.8 17.7±4.8 38.8±7.7 17.7±4.0 30.0±6.9 6.6±1.9 
B3F2 61.1±6.1 20.0±10.1 64.4±5.8 14.4±7.7 60.0±3.8a 18.8±9.4 41.1±4.4 7.7±4.0 
*A significant interaction was present between genotype and 1-0 bare root or seed for inventory year 2009. 
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Chapter Four Figures 
Figure 3.1:  Diagram showing the site layout, with genotype and stock type. Figure 4.1: TACF’s strategy for breeding blight resistant chestnuts for reintroduction into 
forest systems (American Chestnut Foundation). 
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Figure 4.2:  Diagram showing the site layout, with genotype and stock type. 
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Figure 4.11: Photographs showing stem cankers in 2017.  This attributed to the 
significant levels of mortality across the experimental site. 
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Figure 4.12: Photograph showing crowding from debris build up inside a tree 
protector. 
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Figure 4.13: Photograph showing chestnut burs found on the study site 2017. 
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Appendix A Chapter 3 ANOVA tables 
 
ANOVA tables for mean individual stem height (m): 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 7 36.05462532 5.15066076 1.98 0.1224 
Error 16 41.65581148 2.60348822     
Corrected Total 23 77.71043680       
 
R-Square Coeff Var Root MSE Ht_m Mean 
0.463961 34.10946 1.613533 4.730455 
 
Source DF Type I SS Mean Square F Value Pr > F 
Tmt 3 9.42869720 3.14289907 1.21 0.3391 
Species 1 22.84554410 22.84554410 8.77 0.0092 
Tmt*Species 3 3.78038403 1.26012801 0.48 0.6981 
 
Source DF Type III SS Mean Square F Value Pr > F 
Tmt 3 9.42869720 3.14289907 1.21 0.3391 
Species 1 22.84554410 22.84554410 8.77 0.0092 
Tmt*Species 3 3.78038403 1.26012801 0.48 0.6981 
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ANOVA tables for mean individual stem diameter at breast height (mm): 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 7 1726.472588 246.638941 1.05 0.4377 
Error 16 3764.101451 235.256341     
Corrected Total 23 5490.574039       
 
R-Square Coeff Var Root MSE DBH_mm Mean 
0.314443 34.42123 15.33807 44.55991 
 
Source DF Type I SS Mean Square F Value Pr > F 
Tmt 3 846.5109352 282.1703117 1.20 0.3417 
Species 1 625.9729339 625.9729339 2.66 0.1224 
Tmt*Species 3 253.9887187 84.6629062 0.36 0.7828 
 
Source DF Type III SS Mean Square F Value Pr > F 
Tmt 3 846.5109352 282.1703117 1.20 0.3417 
Species 1 625.9729339 625.9729339 2.66 0.1224 
Tmt*Species 3 253.9887187 84.6629062 0.36 0.7828 
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ANOVA table for mean predicted individual stem biomass (Kg): 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 7 92.9979396 13.2854199 0.96 0.4887 
Error 16 220.5816418 13.7863526     
Corrected Total 23 313.5795813       
 
R-Square Coeff Var Root MSE Pred_Bio_Kg Mean 
0.296569 63.38834 3.712998 5.857541 
 
Source DF Type I SS Mean Square F Value Pr > F 
Tmt 3 65.63958188 21.87986063 1.59 0.2316 
Species 1 6.37818301 6.37818301 0.46 0.5061 
Tmt*Species 3 20.98017467 6.99339156 0.51 0.6828 
 
Source DF Type III SS Mean Square F Value Pr > F 
Tmt 3 65.63958188 21.87986063 1.59 0.2316 
Species 1 6.37818301 6.37818301 0.46 0.5061 
Tmt*Species 3 20.98017467 6.99339156 0.51 0.6828 
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ANOVA tables for mean predicted per hectare biomass (Kg): 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 7 1039651447 148521635 2.39 0.0702 
Error 16 992247449 62015466     
Corrected Total 23 2031898896       
 
R-Square Coeff Var Root MSE Bio_ha Mean 
0.511665 73.78255 7874.990 10673.24 
 
Source DF Type I SS Mean Square F Value Pr > F 
Tmt 3 236992456.1 78997485.4 1.27 0.3170 
Species 1 728910175.9 728910175.9 11.75 0.0034 
Tmt*Species 3 73748814.8 24582938.3 0.40 0.7574 
 
Source DF Type III SS Mean Square F Value Pr > F 
Tmt 3 236992456.1 78997485.4 1.27 0.3170 
Species 1 728910175.9 728910175.9 11.75 0.0034 
Tmt*Species 3 73748814.8 24582938.3 0.40 0.7574 
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Appendix B Chapter 4 ANOVA Tables 
 
ANOVA tables for 2009 chestnut height: 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 9 8964.55143 996.06127 15.29 <.0001 
Error 19 1237.85356 65.15019     
Corrected Total 28 10202.40499       
 
R-Square Coeff Var Root MSE Height_cm_09 Mean 
0.878670 17.89030 8.071567 45.11700 
 
Source DF Type I SS Mean Square F Value Pr > F 
Type2 4 2589.849474 647.462369 9.94 0.0002 
Seed1_Broot0 1 4644.794417 4644.794417 71.29 <.0001 
Type2*Seed1_Broot0 4 1729.907538 432.476885 6.64 0.0016 
 
Source DF Type III SS Mean Square F Value Pr > F 
Type2 4 2609.976911 652.494228 10.02 0.0002 
Seed1_Broot0 1 4450.578065 4450.578065 68.31 <.0001 
Type2*Seed1_Broot0 4 1729.907538 432.476885 6.64 0.0016 
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ANOVA tables for 2010 chestnut height: 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 9 12504.03423 1389.33714 5.90 0.0006 
Error 19 4477.09128 235.63638     
Corrected Total 28 16981.12551       
 
R-Square Coeff Var Root MSE Height_cm_10 Mean 
0.736349 22.04829 15.35045 69.62197 
 
Source DF Type I SS Mean Square F Value Pr > F 
Type2 4 1468.40026 367.10007 1.56 0.2261 
Seed1_Broot0 1 10480.08072 10480.08072 44.48 <.0001 
Type2*Seed1_Broot0 4 555.55325 138.88831 0.59 0.6743 
 
Source DF Type III SS Mean Square F Value Pr > F 
Type2 4 1509.14088 377.28522 1.60 0.2150 
Seed1_Broot0 1 10142.32070 10142.32070 43.04 <.0001 
Type2*Seed1_Broot0 4 555.55325 138.88831 0.59 0.6743 
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ANOVA tables for 2011 chestnut height: 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 9 9008.33815 1000.92646 1.91 0.1153 
Error 18 9414.05882 523.00327     
Corrected Total 27 18422.39696       
 
R-Square Coeff Var Root MSE Height_cm_11 Mean 
0.488988 27.25302 22.86926 83.91460 
 
Source DF Type I SS Mean Square F Value Pr > F 
Type2 4 1631.978470 407.994617 0.78 0.5526 
Seed1_Broot0 1 7002.169621 7002.169621 13.39 0.0018 
Type2*Seed1_Broot0 4 374.190056 93.547514 0.18 0.9464 
 
Source DF Type III SS Mean Square F Value Pr > F 
Type2 4 1407.182133 351.795533 0.67 0.6195 
Seed1_Broot0 1 6975.960246 6975.960246 13.34 0.0018 
Type2*Seed1_Broot0 4 374.190056 93.547514 0.18 0.9464 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
79 
 
ANOVA tables for 2017 chestnut height: 
 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 9 14431.56252 1603.50695 0.95 0.5110 
Error 17 28726.90709 1689.81806     
Corrected Total 26 43158.46962       
 
R-Square Coeff Var Root MSE Height_cm_17 Mean 
0.334385 25.26737 41.10740 162.6896 
 
Source DF Type I SS Mean Square F Value Pr > F 
Type2 4 2039.242481 509.810620 0.30 0.8728 
Seed1_Broot0 1 3068.988050 3068.988050 1.82 0.1955 
Type2*Seed1_Broot0 4 9323.331993 2330.832998 1.38 0.2827 
 
Source DF Type III SS Mean Square F Value Pr > F 
Type2 4 3136.455404 784.113851 0.46 0.7612 
Seed1_Broot0 1 3798.217096 3798.217096 2.25 0.1522 
Type2*Seed1_Broot0 4 9323.331993 2330.832998 1.38 0.2827 
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